Abstract-The basis of undesirable effect of parametric oscillatory instability in signal recycled LIGO interferometer is the excitation of the additional (Stokes) optical mode with frequency Ȧ 1 and the mirror elastic mode with frequency Ȧ m , when optical energy stored in the main mode with frequency Ȧ 0 exceeds the certain threshold and the frequencies are related as Ȧ 0 § Ȧ 1 + Ȧ m . We analyze parametric instability in the general case when eigen frequencies of Fabry-Perot (FP) cavities in arms of interferometer are detuned from each other and show that parametric instability in this interferometer is relatively small due to small bandwidth of interferometer. We propose to "scan" the frequency range where parametric instability may take place by varying the position of signal recycling mirror.
INTRODUCTION
The full scale terrestrial interferometric gravitational wave antennae LIGO are operating now and have sensitivity, expressed in terms of the metric perturbation amplitude, approximately of 3 times better than the planned level of h § 1 × 10 -21 [1, 2] in 100 Hz bandwidth. In Advanced LIGO (to be realized in approximately 2012), after the improvement of the isolation from noises in the mirrors of the 4 km long optical Fabry-Perot (FP) cavities and increasing the optical power circulating in the resonator up to W § 830 kW the sensitivity is expected to reach the value of h § 1 × 10 -22 . Recently Braginsky et al. have analyzed the undesirable effect of parametric oscillatory instability in the FP cavity, which may cause a substantial decrease of the antennae sensitivity or even the antenna malfunction [3] . This effect appears above the certain threshold of the optical power Wc circulating in the main mode, when the difference Ȧ 0 − Ȧ 1 between the frequency Ȧ 0 of the main optical mode and the frequency Ȧ 1 of the idle (Stokes) mode is close to the frequency Ȧ m of the mirror mechanical degree of freedom. The coupling between these three modes arises due to the ponderomotive pressure of light in the main and Stokes modes and the parametric action of mechanical oscillation on the optical modes. Above the critical value of light power Wc the amplitude of mechanical oscillation rises exponentially as well as optical power in the idle (Stokes) optical mode. However, in [7] it has been shown that if the anti-Stokes mode (with frequency Ȧ 1a = Ȧ 0 + Ȧ m ) is taken into account, then the effect of parametric instability will be substantially dumped or even excluded. In [4] it has been presented the analysis based on the model of power recycled LIGO interferometer and demonstrated that anti-Stokes mode could not completely suppress the effect of parametric oscillatory instability. As possible "cure" to avoid the parametric instability we have proposed to change the mirror shape and introduce low noise damping [5] . Recently, the instability produced by optical rigidity was observed in experiment [6] . D. Blair with collaborators also proposed valuable idea to heat the test masses in order to vary curvature radii of mirrors in interferometer and hence to control detuning and decrease overlapping factor between optical and acoustic modes [8, 14] . Recently we have proposed the detail analysis of parametric instability in signal recycled Advanced LIGO interferometer (i.e. with additional signal recycling (SR) mirror) [9] , assuming that FP cavities in arms are optically identical. However, Bill Kells drew attention that FP cavities in arms can have different eigen frequencies because curvature radii of mirrors may differ from each other by about several meters (~ 0.1%). Recall that main modes of FP cavities in arms are tuned in resonance by feedback control system. Then additional modes (which can play role of Stokes modes) will be different. It means that we can not consider FP cavities in arms to be optically identical ones as in [9] . In this paper we analyze parametric instability in Advanced LIGO interferometer with detuned arms.
RESULTS
We consider the LIGO interferometer with signal recycling (SR) and power recycling (PR) mirrors. Simplifications are the following:
• We do not take into account optical losses and suspension noise in all mirrors.
• Eigen frequencies Ȧ 1 and Ȧ 2 of Stokes modes in FP cavities in arms slightly differ from mean frequency Ȧ s = (Ȧ 1 + Ȧ 2 )/2 by arms detuning d Ł (Ȧ 1 − Ȧ 2 )/2 so that Ȧ 1,2 = Ȧ s ± d. For simplicity we assume that relaxation rates and transparencies of input mirrors are the same:
For signal and power recycled LIGO interferometer [10, 11] have calculated the conditions of parametric oscillatory instability in the case if PR cavity is in resonance and SR cavity is not in resonance (į is a SR detuning of antisymmetric mode depending on SR mirror position).
For elastically identical mirrors when all mirrors have the same masses and eigen frequencies we can obtain parametric instability condition[12,13]:
where N 1 is the dimensionless overlap factor of optical and elastic modes, F 0 -the averaged field of the fundamental mode at frequency Ȧ 0 , m is the mirror mass, c is speed of light, V is the mirror volume, Ȗ m is the relaxation rate of elastic mode, L is a length between the mirrors, ) (r u G is the deformation vector of the mirror elastic mode and Ȝ 1 is the eigenvalue of one optical normal mode.
For elastically different mirrors when frequencies of elastic modes do not coincide with each other we can take into account displacement of only one mirror, for example, displacement x 1 of the FP cavity 1 end mirror. In this case parametric instability condition is
where ț is the parameter depending on arms detuning, Ȝ 2 is the eigenvalue of second optical normal mode.
CONCLUSIONS
For our discussion we use the following scale of relaxations rates [10, 11] : the relaxation rate of elastic mode Ȗ m § 6 × (10 -4 ÷ 10 -2 )sec -1 , the relaxation rates of symmetric and antisymmetric modes Ȗ + § 1.5sec -1 , Ȗ -2sec -1 , and the relaxation rate of a single FP cavity in arm Ȗ § 100sec -1 . Parametric instability conditions for Advanced LIGO interferometer with detuned arms obviously relate with the conditions for the interferometer with non-detuned arms [12, 13] . Hence, the dependence of eigen values Ȝ 1,2 on arms detuning d provides the complete information about the chance to fall into the parametric instability as compared with the case of non-detuned arm. On the one hand, in the case of parametric resonance (when total detunings are small) the parametric instability in a signal recycled interferometer takes place at relatively low value of optical power. On the other hand, for large parametric instability the realization of parametric instability requires dramatically larger optical power.
The most reliable method to avoid the parametric instability is the direct experimental test. For signal recycled interferometer we can vary SR and arms detunings (į and d) to investigate the parametric instability experimentally in situ. One can vary SR detuning į by changing of the SR mirror position and arms detuning d by variation of mirrors curvature radius through its inhomogeneous heating [8] . It allows us to scan relatively wide spectral range to find dangerous (from the point of view of parametric instability) places. This scanning combined with the detailed knowledge about the elastic modes (it can be obtained in situ in separate experiments before the test masses are placed into the interferometer) will provide us with very valuable information how to avoid the parametric instability.
